The fourth-order correlations of conserved charges, such as the baryon number, electric charge, and strangeness, are studied at finite temperature and nonzero baryon chemical potential in an effective model. It is found that the fourth-order correlations change rapidly and have three extrema It is noticed that all the fourth-order correlations of conserved charges, except for χ BS 13 and χ QS 13 , are excellent probes to explore the QCD critical point in heavy ion collision experiments.
It is believed that the deconfined quark gluon plasma (QGP) is produced in ultrarelativistic heavy ion collisions [1] [2] [3] [4] [5] [6] [7] [8] . Therefore, QCD thermodynamics, such as the equation of state of the QGP, chiral and deconfinement phase transitions, QCD phase diagram and so on, has been a subject of intensive investigation in recent years. One distinct characteristic of the QCD thermodynamics is that there is a critical point in the QCD phase diagram in the plane of temperature and baryon chemical potential, which separates the first-order phase transition at high baryon chemical potential from the continuous crossover at high temperature [9] . This characteristic is confirmed in various field theory models [10] [11] [12] [13] [14] [15] [16] [17] [18] . Although there is no definite evidence that the QCD critical point also exists in the lattice QCD calculations due to the sign problem at finite chemical potential, some lattice groups find that the QCD critical point maybe exist in the phase diagram, based on extrapolating results at small µ B /T (ratio of the baryon chemical potential and the temperature) to those at large µ B /T [19] [20] [21] . In the meantime, experiments with the goal to search for the QCD critical point are planned and underway at the Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National Laboratory (BNL) and at the Super Proton Synchrotron (SPS) at CERN in Geneva [22] [23] [24] [25] .
Then, searching for and locating the QCD critical point becomes a crucial and vital task.
It has been proposed that the QCD critical point can be found through the non-monotonic behavior of fluctuations and correlations of various particle multiplicities as functions of varying control parameters [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Particularly, fluctuations and correlations of conserved charges, such as the baryon number, electric charge, and strangeness, deserve more attentions. On the one hand, the fluctuations and correlations of conserved charges are sensitive to the structure of the thermal strongly interacting matter and behave differently between the hadronic and QGP phases [16, 26, 27, 31, 37] . On the other hand, since the conserved charges are conserved through the evolution of the fire ball, the fluctuations and correlations of conserved charges can be measured in heavy ion collision experiments.
In our previous work [38] , we have calculated the fluctuations of conserved charges up to the fourth-order and the correlations to the third-order at finite temperature and nonzero baryon chemical potential in the 2+1 flavor Polyakov-Nambu-Jona-Lasinio (PNJL) model.
We found an interesting result: among all the fluctuations and correlations discussed in our previous work [38] , the numerical calculations indicate that χ (those notations will be introduced in the following) are the most valuable probes for exploring the QCD critical point. All these quantities are the third-order correlations of conserved charges. Therefore, it is natural to go beyond our previous work to study the fourth-order correlations of conserved charges near the QCD critical point. Furthermore, using higher-order moments of particle multiplicity distributions to search for the QCD critical point is possible in the Beam Energy Scan at RHIC [24] . In this work, we will calculate the fourth-order correlations of conserved charges at finite temperature and nonzero baryon chemical potential in the PNJL model. Most attentions will be paid on the studies of the non-monotonic behavior of the fourth-order correlations near the QCD critical point.
We begin with the definition of the correlations of conserved charges as follows
where P and T is the pressure and temperature of a thermodynamical system; µ B,Q,S are the chemical potentials for baryon number, electric charge, and strangeness, respectively.
These conserved charge chemical potentials are related with the quark chemical potentials through the following relations,
where µ u,d,s are the chemical potentials for u, d, and s quarks, respectively. Denoting the ensemble average of conserved charge number N X (X = B, Q, S) with N X , we can obtain the fourth-order correlations as follow
where δN X ≡ N X − N X and V is the volume of the system.
We adopt the 2+1 flavor Polyakov-loop improved NJL model to study the fourth-order correlations of conserved charges near the QCD critical point. The validity of this effective model is expected, since the critical behavior of the QCD phase transition is governed by the universality class of the chiral symmetry, which is kept in this model. Furthermore, compared with the conventional Nambu-Jona-Lasinio model, the PNJL model not only has the chiral symmetry and its dynamical breaking mechanism, but also includes the effect of color confinement through the Polyakov loop [18, [39] [40] [41] [42] [43] [44] [45] [46] . Furthermore, the fluctuations and correlations of conserved charges calculated in the 2+1 flavor PNJL model at finite temperature but with vanishing chemical potentials in Ref. [36] are well consistent with those obtained in lattice calculations [47] , which shows that the 2+1 flavor PNJL model is well applicable to study the cumulants of conserved charge multiplicity distributions.
The Lagrangian density for the 2+1 flavor PNJL model is given as [18] 
where
T is the three-flavor quark field, and
where λ a 's are the Gell-Mann matrices in color space and g is the gauge coupling strength. 
with β = 1/T being the inverse of temperature and A 4 = iA 0 .
In our work, we use the Polyakov-loop effective potential which is a polynomial in Φ and Φ * [42] , given by
with In the mean field approximation, the thermodynamical potential density (Ω = −P ) for the 2+1 flavor quark system is given by
where φ i 's (i = u, d, s) are the quark chiral condensates, and the energy-momentum
, with the constituent mass being
Minimizing the thermodynamical potential in Eq. (11) with respective to φ u , φ d , φ s , Φ, and Φ * , we obtain a set of equations for the minimal conditions, which can be solved as functions of temperature T and three conserved charge chemical potentials µ B , µ Q , and µ S .
We use the method of Taylor expansion to compute the fourth-order correlations of conserved charges in the PNJL model. In Fig. 1 we show the fourth-order correlations between two conserved charges versus the baryon chemical potential at several values of temperature calculated in the PNJL model. We find that the QCD critical point is located at about T c = 160 MeV and µ B c = 819 MeV (µ Q = µ S = 0) with input parameters given above.
From Fig. 1 , one can clearly see that the magnitudes of all the fourth-order correlations in this figure grow rapidly and oscillate drastically when the QCD phase transition occurs.
Comparing different curves corresponding to different temperatures, we can recognize that When the temperature is above T c , the chiral phase transition is a continuous crossover due to finite quark current mass. Correspondingly, the correlations of conserved charges are also continuous during the QCD phase transition. As for the fourth-order correlations between two conserved charges, one notices that there are two maxima and one minimum in the curves of χ . One can also clearly notice that the fourth-order correlations among three conserved charges approach zero rapidly once the thermodynamical system deviates from the chiral phase transition.
In Fig. 4 we show the contour plots of the fourth-order correlations among three conserved charges as functions of the temperature and baryon chemical potential in the PNJL model.
One can clearly recognize the QCD critical point in these three plots, which demonstrates that the fourth-order correlations among three conserved charges are quite sensitive to the singular structure related to the critical point. Therefore, the fourth-order correlations among three conserved charges are excellent probes to explore the QCD critical point in heavy ion collision experiments.
In summary, we have studied the fourth-order correlations of conserved charges, such as the baryon number, electric charge, and strangeness, at finite temperature and nonzero baryon chemical potential in the 2+1 favor Polyakov-loop improved Nambu-Jona-Lasinio model. It is found that the fourth-order correlations of conserved charges are divergent at the QCD critical point. When the temperature is below the critical temperature of the QCD critical point, the fourth-order correlations are discontinuous at the first-order chiral phase transition; while when the temperature is above the critical temperature, the fourth-order correlations of conserved charges are continuous with the change of the baryon chemical potential and oscillate rapidly at the chiral crossover. In the curves of the fourth-order correlations as functions of the baryon chemical potential, there are three extrema during the chiral crossover. Furthermore, we have given the contour plots of the fourth-order correlations of conserved charges in the plane of temperature and baryon chemical potential.
The QCD critical point can be easily recognized in these plots. Comparing the fourth-order correlations, we notice that all the fourth-order correlations of conserved charges, except for χ BS 13 and χ QS 13 , are excellent probes to explore the QCD critical point, since these fourthorder correlations approach zero rapidly once the thermodynamical system deviates from the QCD critical point.
